Objective: To study the effects of increasing dosages of epinephrine given intravenously on intestinal oxygen supply and, in particular, mucosal tissue oxygen tension in an autoperfused, innervated jejunal segment.
E pinephrine is a potent ␣and ␤-agonistic drug that commonly is infused to critically ill patients who remain hypotensive despite adequate fluid resuscitation. Epinephrine increases cardiac output by increasing stroke volume and heart rate and augments blood pressure by increasing systemic blood flow and peripheral vascular resistance (1, 2) . In addition to its hemodynamic effects, epinephrine is known to induce marked metabolic changes resulting in hyperglycemia, lactic acidosis, increased blood concentrations of free fatty acids, and augmentation of systemic oxygen consumption (3, 4) .
Because splanchnic oxygen delivery is a matter of major concern in critically ill patients, physicians often argue that infusion of vasopressor drugs including epinephrine might decrease oxygen supply, especially to the gastrointestinal mucosa, leading to tissue injury, mucosal barrier failure, and probably translocation of bacteria and endotoxin, events that are believed to promote or perpetuate a systemic inflammatory response and multiple organ dysfunction syndrome (5, 6) .
Reports of the effects of epinephrine on gastrointestinal hemodynamics or tissue oxygen supply are sparse, and results of studies are heterogeneous. During infusion of 0.1-0.4 g⅐kg Ϫ1 ⅐min Ϫ1 and during acute hypoglycemia in humans, epinephrine mediates mesenteric hyperemia by significantly increasing cardiac output and decreasing splanchnic vascular resistance (7) . In contrast, in patients with septic shock, two studies reported deleterious effects of epinephrine on splanchnic blood flow and intramucosal pH (pHi) (8, 9) . However, one recent study demonstrated increased gastric blood flow assessed by laser-Doppler velocimetry during epinephrine infusion in patients with septic shock (10) .
In the present study, we investigated the effects of increasing dosages of epinephrine on jejunal tissue oxygen supply and jejunal microvascular blood flow in normal pigs. Tissue oxygenation was assessed directly by using two different and independent measuring techniques: Clark-type multiwire surface electrodes to evaluate mucosal tissue oxygen tension, and tissue reflectance spectrophotometry to determine oxygen saturation of microvascular hemoglobin. Jejunal microvascular blood flow was assessed using laser-Doppler velocimetry.
MATERIALS AND METHODS

Animal Preparation
The animal experiments were approved by the Federal Ministry of Science and Research. Sixteen domestic pigs (34 -44 kg) were fasted for 12 hrs with free access to water. After induction of anesthesia with ketamine hydrochloride (20 mg⅐kg Ϫ1 im), the animals were intubated and mechanically ventilated with positive end-expiratory pressure of 5 cm H 2 O. Tidal volume and respiratory frequency were chosen to maintain normoventilation at baseline; fractional inspiratory oxygen concentration was set at 0.3. Anesthesia was maintained by using a continuous infusion of midazolam (0.5 mg⅐kg Ϫ1 ⅐hr Ϫ1 ) and fentanyl (10 g⅐kg Ϫ1 ⅐hr Ϫ1 ). Muscle relaxation was achieved by hourly bolus injections of vecuronium (0.15 mg⅐kg Ϫ1 ). All animals were infused with lactated Ringer's solution and modified gelatin (MW 22.600) to keep central venous pressure constant throughout the experiment. After preparation of the right carotid artery and the internal jugular vein, an arterial catheter and a 7.5-Fr pulmonary artery catheter (Baxter Healthcare, Irvine, CA) were inserted. A midline laparotomy was performed, and a 16-gauge catheter was placed in the superior mesenteric vein for intermittent blood sampling. To expose part of the mucosa for tissue oxygenation and laser-Doppler flow measurements, a 20-cm antimesenteric enterotomy was performed in the midjejunum. The boundary of the mucosa was sutured to the oval opening of a cork plate. The intestine was reintroduced into the abdominal cavity with the exception of the exposed mucosa. The temperature of the preparation was maintained at 37°C by covering the preparation with a plastic box that included a temperature sensor and a servo-controlled heated water bath.
Measurement Techniques
Arterial-pulmonary artery and central venous pressure were measured by using three Statham P10EZ pressure transducers (Spectramed-Statham, Bilthoven, The Netherlands). Cardiac output was determined by the thermodilution method. Heart rate (HR), blood pressure, and core temperature were recorded continuously. Zero reference for all pressures was midchest position. Arterial, central venous, and mesenteric venous blood gases and acid-base status were determined by using an AVL 995 automatic blood gas analyzer (AVL Biomedical Instruments, Graz, Austria). Hemoglobin oxygen saturation was measured with a hemoximeter (Cooximeter, AVL Biomedical Instruments). Hemoglobin concentration was assessed by using the cyanmethemoglobin method. Lactate determinations of arterial and mesenteric venous blood were performed with a lactate analyzer based on reflectance photometry (Accusport, Boehringer Mannheim, Mannheim, Germany).
Measurements of Jejunal Mucosal Tissue Oxygenation and Microvascular Blood Flow
The methodology for measuring mucosal tissue oxygen tension and microvascular hemoglobin oxygen saturation was described in detail in previous studies (11, 12) . Briefly, mucosal oxygen tension (PO 2 muc) was measured by two Clark-type multiwire surface electrodes (Eschweiler & Co., Kiel, Germany). These electrodes were calibrated by using pure nitrogen and room air in a water bath warmed to 37°C. One electrode consisted of eight platinum wires, each of which had a diameter of 15 m representing an individual measuring point and one Ag-AgCl reference electrode. An Erlangen microlight guide spectrophotometer (EMPHO II, BGT, Überlingen, Germany) was used to determine jejunal microvascular hemoglobin saturation (HbO 2 ). The measuring principle is based on the use of one illuminating and six detecting microlight guides (each 250 m in diameter) and a rapidly rotating band-pass interference filter disk to generate monochromatic light in 2 nm steps within the spectral range of 502-628 nm representing 64 different wave lengths. Jejunal microvascular blood flow was assessed by laser-Doppler velocimetry (Periflux 4001, Perimed, Järfella, Sweden). Laser-Doppler measurements are based on the principle that light scattered by moving red blood cells experiences a frequency shift that is proportional to the velocity of red blood cells. The Periflux 4001 uses laser light with a wavelength of 770 -790 nm. A fiberoptic guidewire (PF407, Perimed) that conducts laser light to the tissue and carries back-scattered light to a photodetector was placed on the mucosal surface. Jejunal microvascular blood flow was recorded in relative perfusion units (PU). The probe was calibrated against a white surface (PU ϭ 0) and a standard latex solution (PU ϭ 250 Ϯ 5). All sensors were kept in place by adhesion with small polyvinylchloride caps including the specific sensor surrounded by a transparent thin rubber patch, approximately 2 cm in diameter.
Experimental Protocol
After animal preparation and a 30-min resting period, we performed baseline measurements of systemic hemodynamics; arterial, mesenteric venous, and mixed venous blood gas analysis and hemoglobin oxygen saturation measurements; PO 2 muc; HbO 2 ; and PU. Systemic oxygen delivery, oxygen consumption, and systemic and intestinal oxygen extraction ratio were calculated. Afterward animals were randomized into an epinephrine group (n ϭ 8) and a control group (n ϭ 8). Animals receiving epinephrine were infused with increasing dosages of epinephrine: 0.01, 0.05, 0.1, 0.5, 1, and 2 g⅐kg Ϫ1 ⅐min Ϫ1 . Each infusion step lasted 20 mins, and systemic and regional measurements were repeated during the last 5 mins before switching to the next higher catecholamine dose. In control animals, measurements were repeated at 20, 40, 60, 80, 100, and 120 mins without intervention. Lactate determinations of arterial and mesenteric venous blood were performed at baseline and at 60 and 120 mins.
Analysis of Data
Systemic oxygen delivery, oxygen consumption, and systemic and mesenteric oxygen extraction ratio were calculated according to standard formulas (13) . PO 2 muc and HbO 2 were recorded for a period of at least 100 secs. Laser-Doppler velocimetry measurements were performed for 300 secs. Mean values of these variables were used for statistical comparison.
Statistics
Shapiro-Wilks's test was used to test the normality assumption. The normality assumption was fulfilled in all main measurements. An analysis of variance for repeated measurements was performed to analyze differences in means between and within groups (14) for systemic hemodynamics, oxygen transport, systemic and mesenteric venous acid-base status, blood gas variables, arterial and mesenteric venous lactate concentrations, arterialmesenteric venous lactate concentration differences, PO 2 muc, HbO 2 , PU, and intestinal oxygen extraction ratio. Global hypothesis was tested two-sided at the .05 significance level. In the case of significant differences, further comparisons were made with paired t-tests within groups to baseline and between groups at individual time points. The Bonferroni-Holm procedure was used to correct multiple comparisons. Data in text, tables, and figures are presented as mean Ϯ SEM. Table 1 presents data on hemodynamic, acid-base, arterial lactate, and sys-temic oxygen transport variables in controls and animals receiving epinephrine. There were no differences at baseline between groups (time, 0 min). Significant changes in HR, cardiac index, arterial PH, PaO 2 , PaCO 2 , arterial lactate concentration, systemic oxygen delivery, and systemic oxygen consumption were found between groups. In animals receiving epinephrine, a significant increase in HR, cardiac index, PaCO 2 , and systemic oxygen delivery was found at 80, 100, and 120 mins; systemic oxygen consumption significantly increased at 100 and 120 mins when compared with control animals. HR increased from 118 Ϯ 7 to 200 Ϯ 6 bpm, cardiac index increased from 173.9 Ϯ 8.2 to 268.8 Ϯ 11.7 mL⅐kg Ϫ1 ⅐min Ϫ1 , systemic oxygen delivery increased from 16.6 Ϯ 0.8 to 29.8 Ϯ 1.6 mL⅐kg Ϫ1 ⅐min Ϫ1 , and systemic oxygen consumption increased from 4.8 Ϯ 0.3 to 6.9 Ϯ 0.5 mL⅐kg Ϫ1 ⅐min Ϫ1 . PaCO 2 increased from 37 Ϯ 0.9 torr (4.93 Ϯ 0.12 kPa) to 43 Ϯ 0.7 torr (5.73 Ϯ 0.09 kPa), and arterial lactate increased from 3.0 Ϯ 0.6 to 5.6 Ϯ 0.2 mmol⅐L Ϫ1 . In animals receiving epinephrine, PaO 2 decreased significantly from 129 Ϯ 5.5 torr (17.19 Ϯ 0.73 kPa) to 105 Ϯ 10 torr (14.00 Ϯ 1.33 kPa). During epinephrine infusion, pulmonary arterial pressure increased significantly above baseline.
RESULTS
There were no significant differences in mesenteric venous pH, PO 2 , PCO 2 , lactate, intestinal oxygen extraction ratio, and jejunal microvascular blood flow between groups at baseline ( Table 2 ). In animals receiving epinephrine, mesenteric venous pH significantly decreased at 80, 100, and 120 mins; mesenteric venous lactate concentrations were increased significantly at 120 mins; and jejunal microvascular blood flow increased significantly from 267 Ϯ 39 to 443 Ϯ 35 PU at 80 mins when compared with control animals. Figure 1 shows mean jejunal PO 2 muc and mean jejunal HbO 2 in controls and animals receiving epinephrine. PO 2 muc at baseline was 33 Ϯ 2.6 torr (4.40 Ϯ 0.34 kPa) for controls and 36 Ϯ 2.0 torr (4.80 Ϯ 0.26 kPa) for animals receiving epi- nephrine. HbO 2 was 57.3% Ϯ 3.2% (control) and 53.8% Ϯ 1.8% (epinephrine). In animals receiving epinephrine, PO 2 muc significantly increased at 80, 100, and 120 mins with a maximum value of 48 Ϯ 2.8 mm Hg at 80 mins. HbO 2 increased significantly above baseline at 60 and 120 mins in animals receiving epinephrine. Frequency distributions of jejunal PO 2 muc values in control and animals receiving epinephrine are presented in Figure 2 . Administration of epinephrine caused a rightward shift of frequency distribution of PO 2 muc values. In contrast with control animals, PO 2 muc values between 0 and 10 torr (0 -1.33 kPa) disappeared between time points 60 and 120 mins.
DISCUSSION
This is the first study reporting direct effects of epinephrine on jejunal tissue oxygen supply and, in particular, mucosal tissue oxygenation in normal anesthe-tized pigs. Epinephrine, when given intravenously, increases jejunal microvascular blood flow and mucosal tissue oxygen tension at moderate to high dosages.
Concerning hemodynamics, acid-base status, blood lactate concentrations, and systemic oxygen transport variables, our results are in line with reports from the literature (1, 4) . Epinephrine given at dosages of 0.01-1g⅐kg Ϫ1 ⅐min Ϫ1 increases HR, cardiac index, systemic oxygen delivery, and systemic oxygen consumption in a dose-dependent manner ( Table 1) . At 2 g⅐kg Ϫ1 ⅐min Ϫ1 , no further increase in these variables occurred. We speculate that extreme tachycardia by decreasing right and left ventricular filling prevented any further increase in systemic blood flow and thus systemic oxygen transport at the highest dose investigated.
Concerning effects of epinephrine on gastrointestinal blood flow, studies have reported heterogeneous results. In ani-mal experiments, intra-arterial infusion of epinephrine decreased mesenteric arterial and gut mucosal blood flow (15) (16) (17) . In contrast, intravenous infusion of 0.2 g⅐kg Ϫ1 ⅐min Ϫ1 induced vasodilation and increased blood flow in arterial villous vessels of the jejunal mucosa in rats (18) . However, in the latter experiments, epinephrine was unable to prevent vasoconstriction and subsequent decrease in mucosal blood flow after administration of endotoxin. In an endotoxin model in pigs, Sautner et al. (19) reported increased tissue damage of ileum and colon and significant reductions in pHi in animals treated with epinephrine compared with animals receiving norepinephrine, dopexamine, or placebo treatment.
In humans, intravenous infusion of 0.1-0.4 g⅐kg Ϫ1 ⅐min Ϫ1 of epinephrine significantly increases systemic, splanchnic, and muscle blood flow (1) . Infusions of epinephrine to produce plasma concentrations comparable with those ob- Figure 1 . Mean mucosal tissue oxygen tension (PO 2 muc) and mean microvascular hemoglobin oxygen saturation (HbO 2 ) of the jejunum in controls (Con) and animals receiving epinephrine (Epi). There were no significant differences in PO 2 muc and HbO 2 between groups at baseline. Epinephrine significantly increased PO 2 muc at 80, 100, and 120 mins when compared with control animals ( § p Յ .05 compared with control). HbO 2 significantly increased above baseline at 60, 100, and 120 mins in animals receiving epinephrine (*p Յ .05 compared with baseline). served after abdominal surgery in men significantly increase total splanchnic and muscle blood flow without affecting splanchnic oxygen uptake (20) . This increase in splanchnic blood flow has been attributed to ␤-adrenergic mechanisms.
In critically ill patients suffering from septic shock, Meier-Hellmann et al. (8) reported decreased splanchnic blood flow, increased splanchnic lactate production, and decreased pHi during epinephrine infusion. Similarly, Levy et al. (9) demonstrated decreased pHi and increased systemic lactate concentrations with epinephrine infusion. In contrast, a recent study by Duranteau et al. (10) showed increased gastric microvascular blood flow as assessed with laser-Doppler velocimetry during epinephrine infusion.
In this study, intravenous infusion of epinephrine in increasing dosages did not adversely affect jejunal microvascular blood flow and jejunal mucosal tissue oxygen supply. In contrast, we observed a significant increase of microvascular blood flow and mucosal tissue oxygen tension, with a peak in mean values at a dose of 0.5 g⅐kg Ϫ1 ⅐min Ϫ1 . Although our measurements are restricted to the jeju-num, the probability of significant vasoconstriction in other segments of the gastrointestinal tract is unlikely. Immink et al. (21) reported that vasoconstriction in response to intra-arterial bolus injections of the ␣-agonistic drug norepinephrine was most pronounced in gastrointestinal segments supplied by the cranial mesenteric artery (e.g., ileum and jejunum) when compared with segments supplied by the caudal mesenteric artery. In addition, Priebe et al. (22) demonstrated that continuous intravenous infusion of the strong ␣ 1 -adrenergic agonist norepinephrine at a dose of 0.4 g⅐kg Ϫ1 ⅐min Ϫ1 did not affect small intestinal blood flow, oxygen delivery, oxygen extraction ratio, and oxygen uptake in normal pigs.
Recent investigations in patients with sepsis and septic shock hypothesize that the development of lactic acidosis during epinephrine infusion results from splanchnic hypoxia originating from arterial vasoconstriction or development of increased perfusion heterogeneity within different vascular beds of the gastrointestinal wall (8, 9) .
In this study, infusion of epinephrine increased jejunal microvascular blood flow as assessed by laser-Doppler velocimetry. We also observed a significant increase in arterial and mesenteric venous lactate concentrations, especially at high dosages of epinephrine infusion. However, no significant gradient between mesenteric venous and arterial lactate concentration developed. Therefore, increased lactate production within the gastrointestinal tract seems to be an unlikely explanation for development of lactic acidosis during epinephrine infusion.
Recent studies provide evidence that lactic acidosis which develops during epinephrine infusion is not necessarily associated with tissue hypoxia. Epinephrineinduced stimulation of the cellular Na ϩ , K ϩ -adenosine triphosphatase activity is associated with increased lactate production even under well-oxygenated conditions in skeletal muscle (23) . In exercise studies, oxygen saturation of myoglobin correlates poorly with circulating lactate concentrations (24) . However, an excellent correlation between plasma lactate and epinephrine concentrations was reported, suggesting that increased lactate during exercise reflects increased anaerobic glycolysis stimulated by rising epi- nephrine concentrations rather than anaerobic glycolysis caused by tissue hypoxia (25) . In animals subjected to hemorrhagic shock, skeletal muscle was identified as the primary source of lactate production (26) . Treatment of animals with a combination of ␣and ␤-blockers significantly reduces plasma lactate levels during shock. These observations suggest that epinephrine can induce significant lactic acidosis by mechanisms unrelated to tissue oxygen supply.
CONCLUSION
To the best of our knowledge, this is the first study directly assessing intestinal tissue oxygen supply and, in particular, mucosal tissue oxygen tension during intravenous infusion of increasing dosages of epinephrine in healthy instrumented pigs. We chose the pig model because of the anatomical and physiologic similarity of the digestive tract and cardiovascular systems in pigs and humans (27) . Our data imply that epinephrine does not adversely affect intestinal tissue oxygenation and that lactic acidosis that develops during infusion of increasing dosages of epinephrine is not related to the development of gastrointestinal hypoxia. In contrast, epinephrine infusion increased jejunal microvascular blood flow and mucosal tissue oxygen supply at moderate to high dosages. In this study we focused on jejunal tissue oxygen supply and did not measure global splanchnic oxygen supply and, in particular, liver or pancreatic oxygen supply. Therefore, our results may not apply to all splanchnic organs. In addition, our study was restricted to normal healthy animals, and results may not apply to pathophysiologic conditions such as sepsis or endotoxemia. Finally, when discussing effects of vasoactive drugs on splanchnic oxygen supply, one has to keep in mind that long-term effects of these drugs have never been investigated and are, therefore, unknown. In addition, the beneficial effects of oxygen supply to the splanchnic organs may be outweighed by the harmful effects on other organ systems during long-term treatment.
